Noise degrades the spectral purity of every oscillator system. Due to the feedback mechanics of oscillators and to the inherent resistance of a saturated oscillator to amplitude fluctuations[@b1], phase noise becomes the dominant limitation to performance for nearly all oscillators. The influence of phase noise results in spectral broadening of the oscillation line across a distribution of frequencies. For many systems, the phase noise of a stronger signal can obstruct the detection of weaker signals nearby, burying the weaker signals in noise ([Fig. 1a](#f1){ref-type="fig"}). Ideally, one desires the ability to filter out the stronger signal at the frequency *f*~1~ leaving behind the signal to be detected at frequency *f*~2~. However, this operation cannot be realized by conventional all-electronic filters for two reasons. First, the bandwidth of these filters would be insufficiently narrow to separate one signal from another. Second, even with the necessary bandwidth, conventional filters would be unable to distinguish the underlying weaker signal from noise. These limitations have motivated significant effort towards the development of oscillators with extraordinarily low phase noise[@b2][@b3][@b4][@b5].

Here, we demonstrate a novel nonlinear optoelectronic filter capable of resolving a weaker signal beneath the phase noise of a stronger signal when both received signals are passed through the filter ([Fig. 1b](#f1){ref-type="fig"}). This filter differs from conventional microwave-photonic (MWP) filters[@b6][@b7] as it exploits nonlinearity rather than linear finite impulse response (FIR) or infinite impulse response (IIR) filtering techniques. The nonlinear optoelectronic filter has the configuration of a traditional MWP link[@b8][@b9][@b10] consisting of a laser whose output is intensity modulated by a Mach-Zehnder modulator and subsequently detected by a photodetector ([Fig. 1c](#f1){ref-type="fig"}). The RF input voltage applied to the modulator varies the refractive index of the electro-optic material embedded within the modulator. The Mach-Zehnder interferometer converts this linear change in refractive index into a precise sinusoidal variation in the optical intensity. The stored RF information is recovered upon detection of the optical envelope. We show next that under certain ranges of applied RF voltage, this MWP link exhibits properties similar to a filter but with functionality unachievable by ordinary filters. When two signals, one strong and one weak, are passed through the optoelectronic filter, the filter acts to suppress the stronger signal relative to the weaker signal, independent of their separation in frequency ([Fig. 1d](#f1){ref-type="fig"}). The nonlinearity of the system also results in an additional third-order intermodulation product at the filter output.

Results
=======

Nonlinear optoelectronic filter operation
-----------------------------------------

The filtering behavior of the MWP link is a consequence of an asymmetry in the transmission for the individual signals propagating over the link when their signal amplitudes are different. For a time-varying modulator input voltage comprising the sum of two RF signals *v*(*t*) = *v*~1~sin(*ω*~1~*t*) + *v*~2~sin(*ω*~2~*t*), the resulting modulated optical power *P*(*t*) can be expressed as Here, *v*~1~ (*v*~2~) and *ω*~1~ (*ω*~2~) are the amplitude and frequency of the first (second) RF signal, *P*~0~ is the optical power of the laser, and *V~π~* is the voltage required to transition from constructive to destructive interference in the Mach-Zehnder interferometer. Due to the high linearity exhibited by the electro-optic effect, the variation in optical power with input voltage is nearly a perfect sinusoid. After detection of the modulated power, the generated photocurrent supplied into a load resistor *R* yields an output voltage where the responsivity is the ratio of the generated photodetector current to the incident optical power. [Equation (2)](#m2){ref-type="disp-formula"} can be expanded into a series of Bessel functions[@b11][@b12][@b13] from which the optoelectronic filter transmission can be evaluated for each of the individual inputs ([Supplementary Section A](#s1){ref-type="supplementary-material"}). The resulting transmission for each input exhibits saturation depending on the amplitudes of both *v*~1~ and *v*~2~, and remarkably this behavior is asymmetric if *v*~1~ ≠ *v*~2~.

Assuming the case of a strong signal (*v*~1~) and a weak signal (*v*~2~), the magnitude of the voltage transmission for each input can be plotted as a function of *v*~1~ to determine the saturation induced by the stronger input ([Fig. 2a](#f2){ref-type="fig"}). In [Fig. 2a](#f2){ref-type="fig"}, the transmission characteristics are normalized to unity and *v*~1~ is normalized to *V~π~* so that the plotted characteristics remain general across all operating conditions. The voltage transmissions are initially equal for both inputs at low *v*~1~ but undergo different behaviors as the optoelectronic filter saturates. The transmission behaviors were also verified through measurement, as shown. It is interesting that at the point where *πv*~1~/*V~π~* = 3.83, the theoretical transmission is identically zero for the stronger signal but reaches a local maximum for the weaker signal. The functionality of the optoelectronic filter depends critically on operating at this point. A finer scan around the point of zero transmission is shown in the inset of [Fig. 2a](#f2){ref-type="fig"} where the measurements again verify the nulling of the stronger signal. Although the optoelectronic filter behavior was specifically found assuming low levels of *v*~2~, it is important to note that the nulling of the transmission for input signal 1 occurs regardless of the value of *v*~2~ ([Supplementary Section A](#s1){ref-type="supplementary-material"}).

Operation at the point of zero transmission allows for unique capabilities in the control of RF signals. For example, if the two inputs of [Fig. 1a](#f1){ref-type="fig"} are sent through the optoelectronic filter with the stronger signal operated at *πv*~1~/*V~π~* = 3.83, the stronger signal can be selectively suppressed relative to the weaker signal independent of their frequency separation. Moreover, this suppression also applies to the phase noise of the stronger signal since the filter transmission remains constant over the range of the signal\'s frequency excursions. On the other hand, the amplitude fluctuations cannot be completely nulled since the amplitude of the stronger input would vary around the point where *πv*~1~/*V~π~* = 3.83. Fortunately, the phase noise is many orders of magnitude larger than the amplitude noise in almost every oscillator[@b1]. The optoelectronic filter response can be made to be near instantaneous (limited only by the speed of the modulator and detector) since its operation does not depend on a resonance effect, in contrast to conventional filters. However, the nonlinearities of the optoelectronic filter generate a third-order spurious tone at the frequency 2*f*~1~ − *f*~2~ ([Fig. 1d](#f1){ref-type="fig"}). In addition, there will also be spurious signals generated at harmonics of *f*~1~ that can be readily removed through conventional RF filtering.

Filtering of a stronger signal and its phase noise
--------------------------------------------------

The properties of the optoelectronic filter were experimentally verified through measurements of its output electrical spectrum over a span of 100 Hz ([Fig. 2b](#f2){ref-type="fig"}). The stronger signal was centered at 1 GHz, while the weaker signal is located at a frequency larger by 3.5 Hz. The two inputs were operated independently from one another. With both inputs on, the spectrum exhibits the appearance of a single input since the weaker signal is 81.5 dB below the peak of the stronger signal and \>10 dB below its phase noise. If the stronger signal is turned off, the weaker signal becomes clearly visible. Conventional filters cannot be used here as they lack both the narrow bandwidth and the ability to reject only the stronger input. However, upon passing both inputs through the nonlinear optoelectronic filter, the stronger signal is selectively suppressed by an additional 56 dB thus uncovering the presence of the weaker signal. The third-order intermodulation product is also visible on the other side of the spectrum. The total RF loss of the weaker signal was 22.7 dB here corresponding to operation at a photocurrent of \~4 mA. Since the optoelectronic filter has the dual functionality of a nonlinear filter and an electronic amplifier[@b8], net gain can be achieved passing through the filter given a large enough optical power.

[Figure 2c](#f2){ref-type="fig"} shows a similar measurement but with the weaker signal located 35 Hz away from the stronger signal and with a RF power that is 96.6 dB lower. The weaker signal is also amplitude modulated at a frequency of 10 Hz. The spectrum of both inputs again yields the appearance of the stronger input alone since the presence of the weaker signal is masked by phase noise. However, after passing both inputs through the optoelectronic filter, the stronger signal receives an additional 55.4 dB suppression revealing the underlying weaker signal and its modulation sidebands.

Filtering of a stronger signal under frequency modulation
---------------------------------------------------------

The above discussion has highlighted the unique capabilities of this optoelectronic filter, resulting in the selective suppression of a stronger input and its corresponding phase noise. The phase-noise suppression is a result of the fact that relatively small fluctuations in frequency do not change the voltage amplitude from operating at *πv*~1~/*V~π~* = 3.83. We show next that these properties also apply to the case of deterministic phase or frequency modulation ([Supplementary Section C](#s1){ref-type="supplementary-material"}). For two phase- or frequency-modulated inputs, one strong and one weak, applied to the optoelectronic filter, the operation of the filter acts to suppress the stronger signal and its modulation sidebands ([Fig. 3a](#f3){ref-type="fig"}).

[Figure 3b](#f3){ref-type="fig"} shows the measured spectrum of two frequency-modulated inputs sent through the optoelectronic filter. The spectrum spans a width of 20 kHz and is centered on the stronger input located at a frequency of 1 GHz (*f*~1~). The power of the weaker input is 66.4 dB lower and its frequency is offset from that of the stronger input by 6 kHz (*f*~2~). The weaker signal is frequency modulated at a rate of 1 kHz, generating spurs at 7 kHz offset (+*f*~m,2~) and 5 kHz offset (−*f*~m,2~). On the other hand, the stronger signal is frequency modulated at a rate of 5.6 kHz placing a large modulation sideband (+*f*~m,1~) near the middle of the weaker signal. Upon sending both inputs through the optoelectronic filter, the stronger signal and its modulation sidebands decrease uncovering the weaker signal and its modulated information. In addition, the nonlinearities of the optoelectronic filter result in the generation of various spurious tones on the other side of the spectrum.

A similar measurement is provided in [Fig. 3c](#f3){ref-type="fig"}, showing again the spectrum of two frequency-modulated inputs with the weaker signal 66.5 dB below the stronger signal. The spectrum is centered on the 1 GHz stronger signal but now spans a width of 2 MHz. The weaker signal is offset in frequency by 600 kHz and is frequency modulated at a rate of 100 kHz. As before, its upper and lower modulation sidebands are denoted by +*f*~m,2~ and −*f*~m,2~, respectively. The stronger signal is frequency modulated at a rate of 280 kHz, generating multiple sidebands (±*f*~m,1~ through ±3*f*~m,1~) within the 2 MHz span. The +2*f*~m,1~ sideband is located near the center of the weaker signal obstructing the ability to detect the modulated information. However, after passing both inputs through the optoelectronic filter, only a small remnant of the +2*f*~m,1~ sideband can still be observed. This suppression applies also to the stronger signal itself and to the rest of its modulation sidebands.

Discussion
==========

The asymmetric transmission for the individual signals through the nonlinear optoelectronic filter allow for unique capabilities in the control of electrical signal behavior. We demonstrated that by operating at the transmission null, a stronger input and its corresponding phase fluctuations or frequency modulation can be selectively suppressed relative to a weaker input. This suppression is independent of the frequency separation between the stronger and weaker signals and is not limited by the propagation time through a filter resonance. Furthermore, the optoelectronic filter can even provide net gain given sufficient optical power from the laser. These properties are especially useful in radar and precision metrology applications for detecting minute traces of a desired target over a large interferer signal. In communication systems, the ability to selectively suppress a modulated channel would allow for information packing at greater densities and gives rise to the possibility of sending hidden signals detectable only by the optoelectronic filter.

The simplicity of the scheme makes the optoelectronic filter amenable to photonic integration. Automatic gain control can be employed to lock the stronger input to its transmission null. In addition, techniques of sampling and digital signal processing or RF downconversion and analog filtering can be employed to remove unwanted intermodulation products. Note that because the modulator *V~π~* varies slightly with frequency, the condition *πv*~1~/*V~π~* = 3.83 becomes more difficult to maintain when the modulation sidebands become too far separated from the center. In these cases, the suppression of the sidebands becomes reduced. However, these issues can be mitigated through the use of modulators having wider bandwidth. The additional functionality provided by the nonlinear optoelectronic filter over conventional filters significantly enhances the ability of systems to detect weak signals.

Methods
=======

Optoelectronic filter components
--------------------------------

The components of the optoelectronic filter consisted of a JDS Uniphase CQF935 distributed feedback laser (*P*~0~ = 20 mW), a 14 GHz EOSPACE intensity modulator (*V~π~* = 2.66 V at 1 GHz), and a 4.7 GHz Discovery Semiconductors DSC50 photodiode (). Polarization paddles were used before the modulator for control of the input polarization, and two optical isolators were employed to prevent unwanted reflections, one after the laser and one before the photodetector.

Measurements of strong-signal suppression
-----------------------------------------

The measurements were performed by modulating the laser power with an RF input consisting of two signals produced from independent RF frequency synthesizers. The RF power and frequency of each signal was controlled by setting each synthesizer with no additional locking required. The photodetected output of the optoelectronic filter was then sent through a DC block and into an Agilent E4440A spectrum analyzer for processing. By measuring the traces at both the input and output of the link, the transmission can be determined for both inputs. The spectrum measurement also captures the presence of nonlinear intermodulation products. A total of three RF sources were used to generate the desired signals transmitted through the optoelectronic filter. For the measurements that did not require frequency modulation, an Agilent E8241A signal generator served as the stronger input while a HP 8665B signal generator served as the weaker input. For the measurements employing frequency modulation, the HP 8665B signal generator with its internal modulation capabilities served as the stronger input amplified by a Mini-Circuits ZHL-42W RF amplifier. A HP 8340B signal generator served as the weaker input externally modulated by a Tektronix FG504 function generator.
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![The nonlinear optoelectronic filter.\
(a), Diagram of two input signals consisting of a stronger signal at frequency *f*~1~ and a weaker signal at frequency *f*~2~. The weaker signal is buried beneath the phase noise of the stronger signal. (b), The received strong and weak inputs are passed through a nonlinear optoelectronic filter which would ideally act to completely suppress the stronger signal, leaving behind only the weaker signal. (c), The configuration of the nonlinear optoelectronic filter consists of a laser whose optical output is intensity modulated by the received inputs and is subsequently detected by a photodetector. (d), After passing both inputs through the optoelectronic filter, the stronger signal is selectively suppressed, uncovering the presence of the weaker signal. Due to the filter nonlinearity, a third-order (2*f*~1~ − *f*~2~) intermodulation product is generated within the frequency band of the inputs.](srep03613-f1){#f1}

![Nonlinear filtering of the stronger signal.\
(a), Measured and theoretical magnitudes of the normalized voltage transmission for a strong and weak signal through the optoelectronic filter. At *πv*~1~/*V~π~* = 3.83, the transmission of the strong signal becomes zero, while the transmission of the weak signal reaches a local maximum. The inset shows a close-up view of the voltage transmission for the stronger signal near the null point. (b), Measured spectrum over a 100 Hz span at the input and output of the optoelectronic filter. With both inputs on, the spectrum takes the appearance of a single input as the phase noise of the stronger signal masks the presence of the weaker signal. After passing through the filter, the weaker signal becomes clearly visible at a 3.5-Hz frequency offset from the stronger signal. (c), Measured spectra when the weaker signal is amplitude modulated at 10 Hz. The weaker signal and its modulated information are again uncovered after passing through the filter.](srep03613-f2){#f2}

![Nonlinear filtering in the presence of frequency modulation.\
(a), Diagram of two inputs, one strong and one weak, that are frequency modulated and sent through a nonlinear optoelectronic filter. The filter acts to suppress the stronger input and its modulation sidebands relative to the weaker input. (b), Measured spectrum (20 kHz span) at the input and output of the optoelectronic filter with the input signals and their modulation sidebands indicated. The large modulation sideband of the stronger signal (+*f*~m,1~) initially obstructs the detection of the weaker signal but becomes greatly suppressed after passing through the filter. (c), Measured spectra over a 2-MHz span with the second sideband of the stronger signal (+2*f*~m,1~) initially blocking the detection of the weaker signal. After passing through the optoelectronic filter, this sideband becomes suppressed nearly to the level of the background noise.](srep03613-f3){#f3}
